INTRODUCTION
The genome of mouse hepatitis virus (MHV), a coronavirus, consists of an infectious single stranded RNA molecule of approximately 30 kb in length (1) . After entry the viral genome is released, translated into the RNA dependent RNA polymerase and subsequently used as the template for the transcription of negative stranded RNA of genome length (2, 3) . This RNA then serves as a template for the synthesis of six subgenomic mRNAs and genomic RNA. The subgenomic mRNAs form a 3'-coterminal nested set. An unusual feature of the mRNAs of coronaviruses is the presence of an identical leader sequence. This common leader is proposed to result from a unique leaderprimed transcription mechanism. The transcription and translation strategy of coronaviruses has recently been reviewed in detail (4) .
The RNA dependent RNA polymerase of coronaviruses is a multifunctional protein: it contains the activities necessary for the transcription of negative stranded RNA, leader RNA, subgenomic mRNAs and progeny virion RNA. In addition it is likely to possess capping activity. These activities and the protein(s) on which they reside are poorly characterized. Complementation studies using temperature sensitive (ts) mutants which are defective in RNA synthesis revealed six different complementation groups, indicating that a large number of genes or at least activities are involved in the synthesis of the viral RNAs (5, Van der Zeijst, personal communication). Several authors have shown the presence of membrane associated RNA dependent RNA polymerase activity in lysolecithin permeabilized MHV-A59 infected cells (6, 7) or cytoplasmic lysates of MHV infected cells (8, 9) . Brayton et al. (10) have described one early and two late polymerase activities in lysates of MHV-A59 infected cells. The early polymerase activity was shown to be involved in the synthesis of negative stranded RNA, while the late RNA polymerase activities were responsible for the synthesis of genomic RNA and subgenomic mRNAs.
In vitro translation of genomic RNA of MHV-A59 resulted in the synthesis of a protein with a molecular weight exceeding 200 kd (11) . In vitro this protein is cleaved into a 220 kd and a 28 kd protein. The p28 protein is the N-terminal cleavage product of the precursor protein (11, 12) and has also been identified in MHV-A59 infected cells (13) .
The nucleotide sequence of the gene encoding the RNA polymerase (pol) of the avian coronavirus infectious bronchitis virus (IBV) has been determined (14) . The pol gene, which is about 20 kb in length! contained two large open reading frames (ORF) ORF la and ORFlb (previously termed Fl and F2) which potentially encode polypeptides of 441 kd and 300 kd, respectively. The ORFs overlap by 42 nucleotides, ORFlb being in a -1 reading frame with respect to ORF la. Brierley et al. (15, 16) showed that a cDNA fragment spanning the ORFla/ORFlb overlap was able to direct ribosomal frameshifting in vitro and in vivo.
Recently, we have completed the molecular cloning of the genome of MHV-A59 and determined the nucleotide sequence of the p28 coding region at its 5' end (1). Here we present the predicted amino acid sequence of ORFlb and of the carboxyl terminal region of ORFla of MHV-A59. In addition, we demonstrate that a conserved nucleotide sequence of the ORFla/ORFlb overlap directs ribosomal frameshifting in vitro and in vivo.
MATERIALS AND METHODS
Isolation of viral genome RNA Virus obtained from roller bottle cultures of Sac(-) cells infected at 2 p.f.u./cell was purified on sucrose gradients as described before (17) . Viral genomic RNA was isolated as described previously (18). cDNA synthesis and cloning First and second strand cDNA synthesis were carried out as described by Gubler and Hoffman (19) using viral genomic RNA (50 /tg/ml) as a template and calf thymus pentanucleotides (100 /ig/ml) as random primers. Reverse transcriptase was obtained from Promega, RNasin from Amersham, Escherichia coli DNA ligase from New England Biolabs, RNase H and DNA polymerase I from Boehringer. After phenol/chloroform extraction and ethanol precipitation approximately 0.3 /tg cDNA was used for homopolymeric tailing using dCTP (20) . Samples were taken every 30 seconds during tailing and the reaction was immediately stopped by adding 0.1 volume of 1 % SDS containing 100 mM EDTA. After phenol extraction and ethanol precipitation, the tailed cDNA samples were annealed to Pst I digested, oligo-dG tailed pUC9 (Pharmacia). For transformations (21) Escherichia coli strain JM109 was used.
Subcloning for M13 sequencing DNA restriction fragments were separated by agarose gel electrophoresis and isolated by binding to NA45 membranes (Schleicher and Schuell). Purified fragments were recloned in M13 vectors. When no convenient restriction enzyme sites were available plasmid DNA was digested with Rsa I and the DNA fragments were directly subcloned in Sma I cut M13mpl9. M13 clones were selected by hybridization to nick translated purified DNA fragments of the region to be sequenced and screened by single track sequencing.
DNA sequencing
Single stranded DNA from M13 clones was sequenced using the Klenow fragment of DNA polymerase I (22) 
Construction of a plasmid for the analysis of ribosomal frameshifting
To study the potential ribosomal frameshifting in the pol gene of MHV-A59 the expression vector pBBMAC was constructed as follows. Plasmid pMAC (a gift of Peter Rottier), which contained a copy of the MHV-A59 membrane (M) protein gene of which the region encoding the amino acids 121 up to 196 (27) was deleted (full details on pMAC will be published elsewhere), was digested with BamH I and filled in using the Klenow fragment of DNA polymerase I. The M protein encoding DNA fragment was purified and ligated into Sma I cut Bluescribe(+) vector (Stratagene, USA). A clone containing the MAC coding region downstream of the T7 promoter was selected. The unique Sma I cleavage site of the resulting expression vector pBSMAC was converted into a Bgl II site by an 8-mer linker addition, resulting in pBBMAC. Clone P638, which contains the ORFla/ORFlb overlap ( Fig.  1 ), was digested with Pst I. The 1.3 kb cDNA insert was purified, digested with Alu I and ligated into the filled-in and dephosphorylated EcoR I site of a Bluescribe plasmid. After transformation bacterial colonies containing the 160 bp Alu I fragment spanning the ORFla/ORFlb overlap were selected by colony hybridizations (28) using a nick-translated BamH I-Kpn I 850 bp cDNA fragment of clone PI 136 as probe. Clones containing the expected 160 bp insertion were sequenced. The resulting plasmid pAPO was digested with EcoR I and made blunt ended with Klenow fragment of DNA polymerase. After ligation to 12-mer BamH I linkers and digestion with BamH I the DNA fragment was purified and ligated into Bgl II cut, dephosphorylated expression vector pBBM C. Plasmid DNA isolated from the resulting transformants was sequenced to determine the orientation and the borders of the polymerase ORFla/ORFlb overlapping fragment of several clones. Clone pAPl was found to be correct and used for analysis of the potential ribosomal frameshifting.
In vitro transcription and translation
Plasmid DNA of pAPl was purified on a CsCl gradient (29) and linearized with Hind HI. In vitro transcription and translation were performed as described (30) . 
RESULTS

Molecular cloning of the polymerase gene
Initially we used a synthetic oligonucleotide complementary to the conserved junction sequence immediately upstream of the nucleocapsid gene to prime the cDNA synthesis on purified genomic RNA. Virus specific clones were mapped by dot blot analysis with the purified individual MHV mRNAs (data not shown). OHgonueJeotkte A was synthesized from sequence data obtained from a cDNA clone which only hybridized to genomic RNA. Oligonucleotide T12 was synthesized on the basis of the nucleotide sequence of RNase Tl resistant oligonucleotide T12 (based on the nomenclature of ref. 35 ; unpublished results), which is located in the pol gene of MHV-A59 (36) . Oligonucleotides A and T12 were used to screen the random primed genomic cDNA library. Several large cDNA clones (P095, P096 and P098) hybridizing to both oligonucleotides were identified (Fig.  1 ). In addition several cDNA clones were identified which were only positive with oligonucleotide A e.g. P030 and PO35. The cDNA clones P096 and P030 contain the complete coding sequence of mRNA 2 (37) hence they map to the 3' end of the polymerase gene. The cloning of the pol gene was completed by screening the cDNA library using a nick translated probe derived from the most 5' mapped cDNA clone on the viral genome. Clones P638, P737 and PI 136 were isolated from a second random primed cDNA library prepared against genomic RNA from an independent stock of MHV-A59 (1).
Nucleotide sequence analysis
The cDNA clones used to determine a substantial part of the nucleotide sequence of the pol gene of MHV-A59 are shown ( Fig.  1 ). Each nucleotide of the consensus sequence (Fig. 2) was determined on at least two independent cDNA clones. Analysis of the sequence data revealed the 3' end of an ORF (ORFla) partially overlapping with a large ORF (ORFlb) which covers the 3' half of the pol gene (Fig. 1) . ORFlb has a length of 8199 nucleotides and potentially encodes a protein of 309 kd (2733 amino acids; Fig. 2 ). The first potential translation initiation codon is located at position 643 and the ORF terminates at position 8443, which is just upstream of the conserved junction sequence AAAUCUAUAC. This region separates the gene encoding the 30 kd nonstructural protein from the pol gene (37) . ORFla terminates at position 318 and overlaps ORFlb for 75 nucleotides.
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Analysis of the ORFla/ORFlb overlapping sequence
It has been shown that the nucleotide sequence of the IBV ORFla/ORFlb overlapping region is capable of inducing ribosomal frameshifting in vitro and in vivo (15, 16) . A stable stem-loop structure in this overlapping region was predicted to be involved in this translational frameshifting. Comparison of the nucleotide sequence of the ORFla/ORFlb overlap of MHV-A59 to the ORFla/ORFlb overlapping region of IBV-M42 revealed a well conserved stretch of nucleotides (Fig. 3A) . Fig.  3B shows that a nearly identical stem-loop structure can be predicted for the MHV ORFla/ORFlb overlap region. The insertion (MHV-A59) or deletion (IBV-M42) resulting in a gap of three nucleotides in the alignment (Fig. 3A) is located in the bulge of the stem-loop structure (Fig. 3B) . Even if larger regions of the sequence (up to 500 nucleotides) were analyzed for the presence of secondary structure the depicted hairpin structure still folds as a separate entity. In both LBV and MHV the translation termination codon of ORFla is located in this stem-loop structure. Apart from this conservation in secondary structure the potential tertiary structure is also well conserved. The nucleotide sequence of the loop gives rise to potential pseudoknot formation with sequences downstream of the proposed stem-loop structure. The significance of these proposed secondary and tertiary RNA structures is emphasized by the presence of covariation. Mutations in one part of the stem or in the nucleotide sequence of the loop are compensated by mutations in either the stem or in the downstream sequence involved in the potential pseudoknot, respectively (Fig. 3B) .
Ribosomal frameshifting in vitro and in vivo
To prove that the ORFla/ORFlb overlapping region of the MHV polymerase gene directs ribosomal frameshifting we cloned this region in a mutant M protein gene of MHV-A59 under the control of a T7 promoter. Termination of translation of pAPl transcripts at the ORFla UAA stopcodon will result in the synthesis of a 19 kd protein. However, when a -1 translational frameshift occurs a protein of 25 kd will be synthesized (Fig. 4A) . Direct analysis of in vitro translation products revealed both proteins (Fig. 4B, lane 1) . As expected moab J.I.3, directed against the N-terminus of the M protein, immunoprecipitated both the 19 kd and 25 kd products, indicating that both proteins have a common N-terminus (Fig. 4B, lane 2) . Only the 25 kd protein was specifically immunoprecipitated by the C-terminal antipeptide serum (Fig 4B, lane 4) . None of the translation products were immunoprecipitated by the pre-immune sera (Fig 4B, lane  3 and 5) . Since the methionine residues are only encoded by the region upstream of the ORFla/ORFlb overlap the frameshift efficiency can be easily estimated. The bands corresponding to the 19 kd and 25 kd products were excised from lane 1 (Fig.  4B ) of the dried gel and from the amount of radioactivity an efficiency of approximately 40% was calculated.
To test whether the frameshift signal in the ORFla/ORFlb overlap was functional in vivo, Hela cells were infected with the vaccinia virus recombinant vTF7-3, expressing the T7 RNA polymerase and subsequently transfected with pAPl. Cells were (Fig. 4C, lane 1) . These polypeptides were not present in lysates from cells that had only been infected with vTF7-3 (data not shown). The 25 kd protein was also immunoprecipitated by the anti-peptide antiserum directed against the carboxyl-terminus of the M protein. (Fig. 4C, lane 3) . None of these proteins were precipitated by the pre-immune sera (Fig.  4C, lanes 2 and 4) . From these data it was concluded that the MHV-A59 ORFla/ORFlb overlapping region was capable to induce ribosomal frameshifting both in vitro and in vivo.
Computer analysis of the coronavirus polymerase genes
Comparison of the predicted amino acid sequence of the products encoded by ORFlb of MHV-A59 and IBV-M42 revealed two large regions of high similarity (Fig. 5) . The positional identity in an alignment of the amino acid sequence of ORFlb of MHV and IBV is 56%.
Several short sequence motifs have been identified in particular polymerase proteins of RNA and DNA viruses. One motif which contains the core sequence 'GDD' (38) has also been identified in the amino acid sequence of ORFlb of IBV (39) . This domain is conserved at an almost identical position in the product encoded by ORFlb of MHV-A59 (Fig. 6) . However, in contrast to the 'GDD' amino acid sequence, both MHV and IBV contain the amino acid sequence 'SDD' at this position. Although occasionally a M, C, V or L residue has been reported in the position of the G residue (38) , no serine residue has been reported Fig 6B; The 'GDD' or 'polymerase' motif (38, 39) . The position of the serine residue which replaces the glycine is indicated with an open triangle. Fig. 6C . The 'GKS/T' or 'helicase' motif (40, 41) .
immediately upstream of the two conserved aspartic acid residues. Analyzing the ORFlb amino acid sequence of MHV-A59 revealed the presence of another 'GDD' motif at position 2268-2270. Although it cannot be excluded that the ORFlb encodes more than one polymerase activity, it is unlikely that this 'GDD' motif is part of the active site of a coronavirus polymerase since the surrounding sequences do not meet the criteria proposed by Argos (38) . Furthermore this 'GDD' sequence is not conserved between MHV and IBV.
The amino acid residues encoded by ORFlb of IBV which exhibit similarity to a sequence motif found in a group of proteins from different organisms and which are probably involved in crucial nucleoside triphosphate dependent steps in nucleic acid replication (40, 41) are also present at a nearly identical position in the amino acid sequence encoded by ORFlb of MHV-A59 (Fig. 6) .
No other significant similarities were identified when overlapping regions of approximately 300 residues of the MHV-A59 ORFlb amino acid sequence were tested using the program FASTA (24) and the NBRF/PIR and NBRF/NEW protein identification resources (releases 19.0 and 37.0, respectively).
DISCUSSION
In this paper the primary structure of the second ORF of the putative MHV-A59 pol gene is described. Assuming that the organization of the polymerase gene of MHV is identical to the equivalent gene of IBV, in which two large ORFs have been identified (14) , the nucleotide sequence of the small 5' ORF presented in this article represents the 3' end of a large ORF. This ORF starts at position 210 at the 5' end of the viral genome ( Fig. 1; ref. 1) .
No similarity has been detected in the predicted amino acid sequence of the 5' end of ORF la of the IBV and MHV-JHM or MHV-A59 polymerase gene (1, 12) . However, the putative carboxyl terminal region of the translation product of ORF la and almost the complete translation product of ORFlb are well conserved among MHV-A59 and IBV. Recently, we have determined a small part (0.3 kb) of the nucleotide sequence of the 3' end of the polymerase gene of the feline coronavirus FIPV. (De Groot, unpublished results). The deduced amino acid sequence of this region was very similar to the carboxyl terminal part of ORFlb of MHV and IBV.In contrast to the high similarity in the second ORF of the pol gene, no significant similarity has been observed in the amino acid sequence of the other viral nonstructural proteins. The structural proteins of coronaviruses only show significant similarity in relatively small regions. The overall identity in the nucleocapsid, membrane and spike protein is 29%, 30% and 35% respectively (reviewed by 4). This strongly suggests selective pressure against mutations in the pol gene to conserve functional domains. Identical observations have been made for the picornaviruses (42), alphaviruses (43) , flaviviruses (44) and negative stranded RNA viruses like rhabdoviruses (45) .
The 'S/GDD' as well as the nucleotide triphosphate binding 'GKS/T' amino acid sequence motif, which are encoded in the pol genes of coronaviruses, are also well conserved in the polymerases of viruses belonging to the picornavirus-like and alphavirus-like superfamily of (+) stranded RNA viruses (46, 47) . However, because of the quasi-helical nucleocapsid morphology and the expression of the viral genes by multiple subgenomic mRNAs, coronaviruses could not be assigned to either superfamily of RNA viruses (47) .
During the replication of coronaviruses multiple subgenomic RNAs are synthesized to position internal ORFs on the genome at the 5' end of an mRNA. No subgenomic mRNA containing ORFlb of the MHV polymerase gene at its 5'-proximal end has been detected in infected cells. Using an expression vector which contained the ORFla/ORFlb overlap of MHV inserted in frame within an MHV-A59 mutant M protein gene construct, we were able to demonstrate that the ORFla/ORFlb spanning sequence was capable of directing ribosomal frameshifting in vitro and in vivo. Brierley et al. (15, 16) have shown that the ORFla/ORFlb overlap region of IBV is also capable of inducing frameshifting in vitro and in vivo. Comparison of the nucleotide sequences of the overlapping region of IBV and MHV revealed that the signals used for ribosomal frameshifting in coronaviruses are well conserved. In both MHV and IBV a stable stem-loop structure can be formed downstream of the conserved sequence UUUAAAC. This sequence functions probably as the actual site for ribosomal frameshifting in MHV since mutations in this sequence have been shown to influence the ribosomal frameshifting in the IBV ORFla/ORFlb overlapping region (16) . It has also been shown to function as a site for ribosomal frameshifting in Rous sarcoma virus (48) . The observed covariation between EBV and MHV in the predicted stem-loop structure and the pseudoknot underlines the importance of these structures in translational frameshifting. Pseudoknots are also predicted to be involved in the ribosomal frameshifting for the expression of the polymerase gene of many retroviruses and the luteoviruses (16, Ten Dam and Pleij pers. communication). Recently, it has been shown for IBV that the proposed pseudoknot in the ORFla/ORFlb overlapping region is essential for ribosomal frameshifting (16) .
Frameshifting is more efficient in the coronaviral system (35-40% frameshifting) than in the retroviral system where only 5 -10% frameshifting has been observed (49) . Ribosomal frameshifting is an elegant mechanism for regulating the synthesis of several proteins in a well balanced manner. In many retroviruses the polymerase is produced after translational frameshifting which results in the expression of a gag-pol fusion protein (48) . Based on sequence comparison, it is postulated in this article that the polymerase function of MHV-A59 is encoded downstream of the ribosomal frameshifting sequence and expressed as a fusion protein. It is tempting to speculate that this fusion protein is the actual polymerase. Cleavage of this functional polyprotein could result in an inactive pol protein. Such a mechanism would explain the observed requirements for continuous de novo protein synthesis during the replication of MHV-A59 (3, 6) .
The determination of the nucleotide sequence and the predicted amino acid sequence of MHV-A59 ORFlb will provide a basis for obtaining monospecific antisera against protein(s) encoded by ORFlb. These sera will be important for further characterization of the proteins involved in the discontinuous transcription of coronaviruses.
